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approach to realizing high-Tc circuits, compared to the present technology [16] such as epitaxial growth on bicrystal substrates.
The stacked Josephson junction can also be employed to unveil the phase of the order parameter [17] [18] [19] [20] [21] [22] . From symmetry consideration, a purely d-wave order parameter implies that the Josephson coupling between two CuO2 planes across the BiO/SrO barrier vanishes if one CuO2 plane is rotated by 45° against the other [21, 22] . A pioneer experiment with twisted BSCCO bulk crystals, however, found no such suppression [17] . A problem in this experiment was the overheating with bulky sample (~10 4 -10 5 μm 2 in area) that limits the angular dependent study at relatively high temperature of T~0.9Tc [20] . Two follow-up experiments with smaller samples (100 μm 2 and 1 μm thick), lower annealing temperatures (840 °C) and shorter annealing time (20-30 minutes) [18, 19] showed contrasting results: only one of them found an angular dependence. Because the Josephson tunneling in these experiments occurred both across the artificially joined junction as well as within each individual BSCCO, it is difficult to isolate the contribution from just the former. It is highly desirable to fabricate Josephson junctions in which only rotated CuO2 planes are involved in tunneling.
Here we fabricate such junctions by the vdW stacking technique and construct over 30 c-axis twist BSCCO junctions in underdoped regime. We are able to distinguish the interlayer transport at the junction from that of the bulk, resulting in the observation of archetypical I-V characteristic of a single Josephson junction. The critical current can be exclusively assigned to the tunneling between 0.5 unit cell (UC) of the top BSCCO and 0.5 UC of the twisted bottom BSCCO. Remarkably, the Josephson coupling strength exhibits no angular dependence expected from the d-wave pairing symmetry of cuprates.
In our experiment, two thin BSCCO flakes (10 to 20 UC thick) are sequentially placed on top of the SiO2/Si substrate with pre-patterned electrodes [11] . They are rotated against each other ( Fig.  1 A and B) . Cross-sectional TEM is employed to verify the twist angle and the high quality of the interface. The BSCCO-1/BSCCO-2 junction is uniform and free of any noticeable steps throughout the whole section of 8 μm inspected by TEM (bottom panel of Fig. 1 A) . Figure 1 C exhibits two atomically resolved images taken from the same junction area. The horizontal lines of brighter spots reflect the BiO planes (marked by the black arrows). The top (BSCCO-2) and bottom (BSCCO-1) flakes are viewed from the [11 ̅ 0] and [010] directions, respectively. The twist angle deviates from the nominal angle of 45° such that only half of the junction can be atomically resolved each time. The deviation determined by TEM is 2.6° (see supplementary materials). The supermodulation can be clearly resolved for the top BSCCO (BSCCO-2) and it persists all the way down to the interface. Interestingly, two BiO layers at the interface host super modulation (marked by the right arrows in the right panel of Fig. 1 C) . They are immediately followed by the BiO layer (indicated by the red arrow in the left panel of Fig. 1 C) from the bottom BSCCO (BSCCO-1). In total, there are three BiO layers in the twist junction. We further confirm such a triple BiO barrier by statistically analyzing multiple high resolution TEM images taken from both 0° and 45° twist junctions ( Fig. S1 and supplementary information) . . By cooling down the sample, R1-2 exhibits two consecutive transitions. The first occurs at around 80 K, at which the individual flakes become superconducting. In contrast, R1-2 only reaches zero at 50 K. It reflects that the twist junction has a lower doping level and thus lower superconducting transition temperature than that in the rest of the flake. This lower doping may be caused by the triple BiO layer. To satisfy charge neutrality, extra charge transfer happens due to the additional BiO layer. It effectively reduces the hole density in the CuO2 layer close to the interface. Moreover, oxygen loss at BSCCO surfaces may occur during exfoliation and stacking processes. Notably, sweeping the voltage in one direction gives rise to only two switching points between the dissipationless state and the resistive one (horizontal arrows in Fig. 1 E) . This is in sharp contrast to those multiple branches usually seen in the vertical transport of BSCCO Josephson junctions [15, 23] . There, the number of branches reflects the number of junctions involved. The multiple jumps are absent here because the twist junction becomes resistive at a critical current well below that of the individual BSCCO flake. Therefore, (marked by arrows in Fig. 1 E) here solely reflects the Josephson coupling across the twisted CuO2 planes.
Significantly, we observe supercurrent even if the two CuO2 planes are rotated by 45° relative to each other (Fig. 1 E) . This is unexpected for a purely d-wave superconductor [21, 22] , which demands (45°) = 0. Still, in reality the twist angle cannot be perfectly 45° such that a finite supercurrent may be allowed. In order to rule out this misalignment scenario, we compare five junctions with different twist angles but similar (50-60 K) in Fig. 2 . The current in each trace is normalized by 1/ (Rn is the normal state conductance at high bias and represents the actual tunneling area better than the physical junction area, as supported by the clear linear correlation between and 1/ in Fig. S3 . The dashed (dotted) curve in Fig. 2 demarcates the expected evolution of for the d-wave pairing symmetry, where is assumed to follow the same angular dependence of ∝ cos(2 ) derived for incoherent tunneling. The normal state transport is angular independent in this case. Taking the cos(2 ) dependence, is finite if the actual twist angle departs from 45°. From TEM, the deviation is about 2.6° (Fig. 1 C) . Assuming that the actual angle is θ=47.6°, the calculated amounts to 9% of that at 0°, as marked in Fig.  2 . Apparently, this upper bound is greatly surpassed by the measured value at θ=45°. It is unlikely that the Josephson coupling is suppressed at 45° as expected by the present theory of tunneling across d-wave superconductors.
Fig. 3. Fan chart of Josephson coupling strengths in BSCCO junctions.
The circle size represents the corresponding Tc of the junction. Filled circles are based on our measurements. The empty circle at 45° is from previous twist bicrystal experiments by using bulk crystals of BSCCO at optimal doping [17] . The other empty circles at 0° correspond to tunneling in intrinsic Josephson junctions of a single BSCCO, as obtained from [23] . The dark blue semicircle marks the average value for junctions at 0° (two samples have Tc=50 K and three at 51, 60, and 62 K, respectively) and 90° (Tc=53 K). The shaded region represents the sampling standard deviation ( 0,90 ). The red bar and the pink sector indicate the average value and its standard deviation for junctions at 45° (four with Tc=50 K, one with Tc=55 K). The error of ±2.6° in twist angles is estimated from the TEM experiments. The light blue (black) curve is the theoretically expected angular dependence for fully incoherent (coherent) tunneling between two d-wave superconductors [21, 22] . Figure 3 summarizes all data obtained, which gives further support to the isotropic Josephson coupling. Many of our junctions have Tc around 55 K. We group six data points from 0° and 90° with similar Tc of 50-60 K and obtain an average value of = 12 mV. This average value is drawn in Fig. 3 as the dark blue curve together with the light blue shade representing the sampling standard deviation 0,90 . In comparison, five samples at θ = 45° with comparable Tc yield = 5 mV. The pink colored area indicates this range by taking into account the possible angle deviation. This sector is overlapping with the blue semicircle, suggesting that the Josephson couplings of these two groups are essentially the same. Furthermore, this area is markedly out of the boundary for the tunneling between d-wave superconductors considering either coherent or incoherent processes [21, 22] . Notably, is about a few mV in our junctions at Tc around 50 K. This is comparable to that from previous bicrystal experiments by using bulk samples. These values are also consistent with that obtained from the Josephson coupling between naturally spaced CuO2 planes within a single crystalline BSCCO (empty circles in Fig. 3 ). This agreement demonstrates that our junction possesses high quality and rules out the possibility of any suppression due to the artifical stacking process.
To summarize, we carry out phase sensitive experiments based upon atomically sharp Josephson junctions made from single crystals of BSCCO. We find that the Josephson coupling strength does not depend on the relative twist angle between the two BSCCO flakes. Our results cannot be explained by simple tunneling process across two rotated double-CuO2 planes under the framework of pure d-wave pairing symmetry, and call for theoretical study on Josephson tunneling in high-Tc superconducting cuprates. 
Supplementary information
Sample growth and transport measurement Bulk crystals of nearly optimally doped BSCCO were grown by the traveling floating zone method. They were mechanically exfoliated in a glovebox with Ar atmosphere (H2O<0.1 ppm, O2<0.1 ppm). The dry transfer technique was employed to deposit the flakes onto prepatterned electrodes (Ti/Au: 5/30 nm). The designated twist angle was realized by handling scotch tapes and PDMS films (Gel-film) in the same direction and rotate the sample stage after placing the bottom BSCCO flake. We then annealed the samples in flowing oxygen under mild conditions (about 10 minutes at 530 °C). Samples were then loaded into the cryogenic system (1.5-300 K).
For resistance measurement, we employed the standard lock-in technique with a ac current of 1 μA at 30.9 Hz. For tunneling measurement, we used a dc current source-meter for sending the current and used a nanovoltmeter for obtaining the voltage in a four-terminal configuration.
Transmission electron microscopy
The TEM samples were prepared by using focused ion beam (FIB). TEM experiments were performed on an aberration-corrected ARM200CF (JEOL), operated at 200 keV and with double spherical aberration (Cs) correctors.
Structural analysis
We take high-resolution TEM images of junctions with a variety of twist angles. Figure S1 A shows a typical image of a 45° junction. The layered structure of the BSCCO junction can be clearly observed. The lower half of the junction is resolved and the bright spots represent the Bi, Sr, Ca atoms, respectively. Due to its larger mass, the Bi atom is brighter than other elements. The upper part only shows stripe features, which is caused by a slight deviation from the exact angle of 45°. Thus, thanks to the resolution variation, the junction between the upper and lower BSCCO crystals can be identified explicitly. It is interesting that on the left part of the image, the junction exhibits a double BiO layers, while on the right part, it shows a triple BiO structure. We study a series of TEM images taken at different places of one 0° and two 45° junctions. The intensity profiles of three typical junctions showing 2-4 layers of BiO are given in Fig. S1 B. For a closer investigation of the structure, we plot the thickness distribution of 0° and 45° junctions in Fig. S1 C where the intensity profile for each image is summed up and the total thickness d of the junction can be obtained (defined in Fig. S1 B) . The average thickness is about 3.45 nm. It indicates that most of the junctions exhibit a triple BiO structure.
To determine the error in twist angles experimentally, we measured three 45° junctions by TEM. For each sample, we first adjusted the sample such that one side of the junction could be atomically resolved. We then documented the tilt angle until the other half of the junction became clearly resolved. Three samples yielded deviations from 45° by 2.2°, 2.5° and 3.1°, giving rise to an average value of 2.6°.
Normalization of the critical current
The superconducting properties of cuprates have strong spatial variations down to a microscopic scale [24] , such that shows poor correlation with the physical size of the junction ( ). The actual tunneling area is smaller than , with the reduction factor difficult to determine. This may explain the contrasting results obtained in previous twist bicrystal experiments. Calculating by using / would only set a lower bound. Instead, we use the product to represent the Josephson coupling strength. This is supported by the fact that exhibits a clear linear dependence on 1/ , because both and 1/ are proportional to the actual tunneling area. 
